The main objective of this study was to evaluate and classify the alkali-silica reactivity of thirteen aggregate groups using aggregate geology, and early and extended expansion limits of mortar bars and concrete prisms submerged in the 1N NaOH for 4, 8 and 13 weeks. The previously suggested ASR kinetic model, known as Kolmogorov-Avrami-Mehl-Johnson (K-A-M-J) model, was fitted with the prism expansion data over the test durations of 4, 8 and 13 weeks, and a new failure criteria was developed to better predict the degree of reactivity of the trial aggregates. The ASR classifications of the investigated aggregates evaluated by the failure criteria of alkali-cured prisms and ASR kinetic model were in good agreement with the results generated from the failure limits of mortar bars and from aggregate potential reactivity based on aggregate type.
Introduction
Portland cement concrete is the most widely-used construction material in the world. The reactions between aggregates and binding agents (cement and other cementitious materials) in concrete are extremely complex. Many natural aggregates contain a quantity of amorphous silica, which both react with the alkalis of the mixture (Na and K, which usually come from cementitious materials). This interaction is widely known as alkali-silica reaction (ASR). The reaction can cause deterioration expansion in concrete, and result in significant damages to concrete structures.
The reactivity of an aggregate primarily depends on its geological background, internal structure and physical characteristics, as well as specimen size. The form of silica in aggregate determines whether a siliceous aggregate is reactive or not. The silica of reactive aggregate is primarily accountable to form ASR in concrete. The reactivity of silica depends on the crystalline structure of the silica rather than its chemical compositions. Damaging reactions can only occur if the aggregate contains sufficient quantities of the reactive silica. However, the volume of reactive silica needed to produce deleterious effects is very small (Swamy, 1992) , and the quantity varies on the rock types and reactive minerals (ACI, 1998) . Table 1 outlines major rock types prone to alkali-silica reaction.
Various standard tests are available to evaluate the alkali-silica reactivity of an aggregate. Among them, the concrete prism test (ASTM C 1293) and accelerated mortar bar test (ASTM C 1260) are popular throughout the world. In the ASTM C 1260 test, the specimens are immersed in 1N NaOH solution at 80 ºC for a minimum of 2 weeks. A range of expansion limits of mortar bars have been suggested to evaluate potentially harmful reactions, and among them, a maximum permissible expansion of 0.10% at 2 weeks is the most standard citation (Tauma, Fowler & Carrasquillo, 2001) . Several researchers (Grattan-Bellew, 1990; DeMerchant & Soles, 1993 ) also suggested different expansion limits in detecting aggregate reactivity for varying aggregate mineralogy, namely, 0.10% for reactive siliceous limestone, 0.20% for greywackes, and 0.15% for the other types of aggregates. Past investigations demonstrated that the 2-week failure limit of 0.10% were not capable of predicting the actual alkali-silica reactivity of some aggregates (Jin, 1998; Folliard, Thomas, Fournier, Kurtis, & Ideker, 2006; Lenke & Malvar, 2006) . Considering the multi-laboratory coefficient of variation in the experimental results, the aggregate generating more than 0.15% expansion under the 1N NaOH solution at 2 weeks would be classified potentially reactive (Rogers, 1993; Rogers & Hooton, 1993) . In order to increase the reliability of the test, Johnston (1994) and Johnston, Stokes, Fournier and Surdahl (2004) suggested to extend test duration from 2 to 4 weeks. Since the expansion development over the immersion age varies among aggregates, the concerns over the 2-week failure limit have led to the additional expansion limits of 0.33% at 4 weeks and 0.48% at 8 weeks, proposed by Rogers (1993) , and Rogers and Hooton (1993) . Islam (2010) proposed that the aggregates producing the 2-, 4-and 8-week ASR-induced expansions of 0.10, 0.28 and 0.47%, respectively, should be considered reactive, and those producing expansions below the three above-mentioned proposed limits can be classified as innocuous. Additionally, aggregates generating the expansions of more than 0.10% at 2 weeks and less than 0.28% at 4 weeks and 0.47% at 8 weeks can be regarded as moderately reactive (Islam & Ghafoori, 2011; Islam, 2010) . Table 1 . Major rock types prone to alkali-silica reaction (Islam & Ghafoori, 2009) 
Rock Types
Study ASR Andesite Tuthill, 1982; Swamy, 1992; Tauma et al., 2001; Adam, 2004; Thomas, Fournier, Folliard, Ideker, & Resendez, 2007; Ikeda, Kawabata, Hamada & Sagawa, 2008 Reactive Basalt Lane, 1994; Adam, 2004; Korkanç & Tuğrul, 2005 Reactive Chert Stark, Morgan, Okamoto, & Diamond, 1993 Lane, 1994; Tauma et al., 2001 Reactive Dacite Tuthill, 1982 Swamy, 1992; Hooton & Rogers, 1993; Tauma et al., 2001; Thomas et al., 2007 Reactive Dolomite Hooton & Rogers, 1993 Stark et al., 1993 Innocuous Dolomitic-limestone Deng et al., 1993 Lane, 1994 Reactive Limestone Stark et al.,1993 Jensen, 1996; Tauma et al., 2001 Innocuous Opal Ohama, Demura, & Kakegawa, 1989 ACI 221, 1998 Reactive Quartz Tauma et al., 2001 Stark et al., 1993; Lane, 1994; Adam, 2004 Reactive Rhyolite Tauma et al., 2001 Adam, 2004 Reactive Silicious aggregate Hooton & Rogers, 1993; Fournier, Nkinamubanzi, & Chevrier, 1994; Berra, Mangialardi, & Paolini, 1998 Reactive The ASTM C 1293 takes a long time to determine the alkali-silica reactivity of an aggregate. Previous research investigations had dealt with various curing environment, solution type and/or solution strength, and test duration to show the same results of ASTM C 1293 in a shorter span of time to improve the shortcoming of prism test for its test duration. A method involving concrete prisms immersed in 1N NaOH at 80 °C (1293M1) proved to be reliable in predicting the reactivity of an aggregate (Stark, 2006) . The proposed failure criteria of alkali-cured prism of 0.04% at 4 weeks, recommended by Fournier, Bilodeau and Malhotra (1994) , proved to be unreliable for assessing the potential alkali-silica reactivity of some aggregates (Bérubé & Frenette, 1994; Tauma et al., 2001; Folliard, Ideker, Thomas, & Fournier, 2005) . However, the aggregates producing the 4-week expansion limit of 0.080% were classified as highly reactive (Tauma et al., 2001; Folliard et al., 2005) . , 2000, 2004) .
Where: Exp 0 and Exp t are the expansions at time t 0 and t, respectively; t 0 is the first data point in the data set after the initial zero reading; k is expansion rate constant; M is Avrami exponent
Where: Y is ln (ln(1/(1+Exp 0 
-Exp t ))) and X is ln(t-t o )
In the studies conducted by Johnston et al. (2000 Johnston et al. ( , 2004 , the kinetic model (Equation 2) was fitted with the mortar expansion over the immersion age of 2 weeks, and the values of ln(k) and M were determined. The study proposed a failure criterion to evaluate alkali-silica reactivity. The aggregates having ln(k) equals to -6 being the borderline value between the innocuous and reactive aggregates, i.e. aggregates showing ln(k) value greater than -6 were considered as reactive, and those less than or equal to -6 were classified as innocuous.
The early age failure limit of the accelerated mortar bar test has been broadly reported in assessing aggregate reactivity though it overestimates some innocuous aggregate as reactive. A number of previous investigations on evaluating ASR were mostly confined to the failure criterion of alkali-cured concrete prisms at 4 weeks, which also classified some innocuous aggregates as reactive. The expansion of mortar bars and alkali-cured prisms made with both innocuous and reactive aggregates varied extensively at early age, and the variation decreased with time (Islam, 2010) . As such, assessing aggregate for alkali-silica reactivity at the extended ages produced consistent results, when compared to that obtained at early age (Islam, 2010) .
Research Significance
This study extends the previous research investigations by introducing new failure criteria of alkali-cured prisms at the immersion ages of 4, 8 and 13 weeks, and those obtained by the kinetic models at 4, 8 and 13 weeks. The study also highlights the relationship amongst aggregate type, the expansion criteria of mortar bars and alkali-cured prism at early and extended ages, and the kinetic model failure criterion for alkali-cured prisms.
Experimental Program
The aggregates investigated in this study were acquired from thirteen different quarries. Table 2 shows the identification, rock types, and the chemical constituents of the investigated aggregates. Potential reactivity of each aggregate group based on its mineralogy (Table 1) is also shown in Table 2 . ASTM Type V Portland cement with 21% SiO 2 , 3.6% Al 2 O 3 , 3.4% Fe 2 O 3 , 63.1% CaO, 4.7% MgO, 0.84% Na 2 O eq , 2.6% SO 3 , and 1.3% LOI was utilized as a sole cementitious material.
Mortar Bars
Mortar bar specimens of dimensions 25.4×25.4×254 mm were prepared according to ASTM C 1260 standard (2007) which consisted of 10% #8 sieve (2.3 mm), 25% #16 sieve (1.18 mm), 25% #30 sieve (600 µm), 25% #50 sieve (300 µm), 15% #100 sieve (150 µm). The moisture content and absorption of the graded aggregate were accounted for in determining the actual mixing water content of the mixture. Aggregate-to-cement ratio of 2.15 and water-to-cement ratio (by weight) of 0.47 were also maintained.
Four mortar bars were fabricated from a constant 7-bar batch size mixture containing each trial aggregate source. The mortars were mixed in accordance with the requirements of ASTM C 305 and molded within a total elapsed time of less than 2 minutes and 15 seconds. The mortar bars were kept in a curing room maintaining relative humidity of 100% and a temperature of 20 °C for 24 hours. The mortar bars were then demolded one at a time and their initial readings were recorded by a digital extensometer before immersing in water at 80 °C for 24 hours. After taking zero readings, the specimens were immerged in a 1.0N NaOH soak solution in an air-tight plastic container kept in an oven which maintained the temperature of 80±1 °C. Subsequent expansion readings were measured at the ages of 3, 6, 10 and 14 days, and after that one reading per week until the immersion age was reached at 13 weeks.
Concrete Prisms
Concrete prisms of dimensions 75×75×250 mm from each investigated aggregate were fabricated according to the requirements of ASTM C 1293 with an exception of Type V Portland cement having a total alkali content of 1.25% Na 2 O e . An appropriate amount of NaOH pellet was added in the mixing water to raise cement alkali from 0.84 to 1.25% Na 2 O e . The moisture content and absorption of the graded aggregates were included to determine the design water-to-cement ratio. A constant volume of 0.009 m 3 (0.30 ft
Results and Discussions

ASR Classification Based on Aggregate's Types
Whole rock analyses were conducted to determine the chemical compositions of the aggregate groups. The aggregates were then identified by their rock type according to the geological nomenclature. The results are presented in Table 2 . Based on the results presented in Table 1 , the potential ASR of the aggregates is documented in Table 2 . Figure 1 shows the progression of mortar expansion at 2, 4, 8 and 13 weeks. As can be seen, the expansion increased with increasing test duration, and the expansion characteristics over the time varied depending on the aggregate source. The expansion development was faster and more extensive for reactive aggregates than that of the innocuous aggregates. In general, a maximum increase in expansion was observed between the first 4 weeks, and a moderate increase in expansion was noted between 4 and 8 weeks, after which the specimens expanded slowly up to the test duration of 13 weeks. Table 3 documents ASR classifications of the aggregates based on the expansion limits of mortar bars at 2, 4 and 8 weeks. As can be seen, the ASR classifications of the thirteen aggregates were shown nearly a perfect match based on the 4-and 8-week expansion criteria, proposed by Hooton (1991) , and Rogers and Hooton (1993) , and those suggested by Islam (2010) . However, the failure criteria at 2 weeks overestimated three aggregates (AG-2, AG-8, and AG-10) as reactive though they were considered to be innocuous by the failure criteria of extended immersion ages.
Development of Mortar Expansion and Aggregate Classifications
The study also revealed that the aggregates producing expansion of more than 0.15% at 2 weeks were proved to be reactive at the extended immersion ages. The mortar bars made with the AG-2 and AG-10 aggregates generating less than 0.15% expansion at 2 weeks were found to be innocuous based on failure criteria of the extended ages. Overall, the alkali-silica reactivity of the selected aggregates based on the extended immersion ages provided more consistent results than that obtained at the early immersion age of 2 weeks. Hooton (1991) and Rogers and Hooton (1993) .
The cracks seen on the exterior of mortar bars were carefully investigated. Figures 2 and 3 show the mortar bars prepared with innocuous and highly reactive aggregates, respectively. The specimens prepared with the innocuous aggregate groups illustrated no noticeable cracks even at the extended test duration of 13 weeks (Figure 2) . However, the specimens prepared with the highly reactive aggregates showed severe cracks (map cracks) as depicted in Figure 3 . For the reactive aggregates, tiny cracks were developed on the outer surface of mortar bars at early age due to the tension exerted by the ASR gel. Further alkali-silica reactions took place in the mortar bars with an increase in test duration, which resulted in an increase in expansion and surface cracking. 
Development of Prisms Expansions and Aggregate Classifications
The expansions of alkali-cured prisms made with the thirteen aggregate groups over the test duration of 13 weeks are illustrated in Figure 4 . As can be seen, the progression in expansion varied primarily depending on the aggregate type. For instance, the alkali-cured prisms made with the AG-1, AG-4, and AG-10 aggregate groups expanded very slowly followed by groups of AG-7 and AG-8. For the remaining nine aggregates, the ASR-induced expansion increased progressively with an increase in the immersion age. Figure 4 also demonstrates that the expansion deviation among the trial aggregates was small at early age, and became more diverged with the test duration. At the extended immersion age of 13 weeks, the variation in the ASR-induced expansions became substantial among the investigated aggregates. The high concentration (1N) of alkali solution (NaOH) raised alkali content of pore solution in the prisms, which resulted in excess expansions for most aggregates. Depending on composition, physical characteristics and/or crystalline structure of aggregate, some aggregates expanded rapidly at the early age, while others grew slowly with an increase in immersion age. 
Determination of the Failure Criteria of Alkali-Cured Concrete Prisms
Dimension of test specimens play an important role on the development of expansion over time. The mortar bar and concrete prism specimens exposed to the same environment (alkali concentration and temperature) did not undergo ASR at the same rate due to their size difference. The relationship between the expansion of mortar bar and that of alkali-cured prism at 4, 8 and 13 weeks was shown in 
Where:
x and y are the expansions of the alkali-cured mortar bars and concrete prisms, respectively; a is the regression variable, which is the slope of ECP vs. EMB line. Table 4 also shows the cut off points for the expansion of alkali-cured prisms to classify aggregates based on their susceptibility to alkali-silica reactivity. Aggregates producing more than 0.052% expansion at 4 weeks, 0.100% at 8 weeks, and 0.150% at 13 weeks were considered as reactive, those generating expansions below the above-mentioned threshold limits were regarded as innocuous, and those remained between these two limits could be labeled as slowly reactive aggregates. Hooton (1991) and Rogers and Hooton (1993) ; c extrapolated the failure criteria of 0.10% at 2 weeks, 0.28% at 4 weeks, and 0.48% at 8 weeks;
d expansion limit of alkali-cured prisms evaluated from the expansion limits of mortar bar suggested by Islam (2010) ; e expansion limit of alkali-cured prisms evaluated from the expansion limits of mortar bar proposed by Rogers (1991) , and Hooton and Rogers (1993) . Table 5 documents the ASR classifications of the aggregates based on the previously suggested 4-week failure criteria and the proposed expansion limits of the alkali-cured prisms at 80 °C at the ages of 4, 8 and 13 weeks. As can be seen, of the thirteen aggregates, the 4-week failure criteria resulted in only three innocuous aggregates (AG-1, AG-4, AG-7). It should be noted that the ASR classifications of the thirteen aggregates matched perfectly based on the proposed expansion limits of this study at the ages of 4, 8 and 13 weeks. The three suggested failure limits resulted in identifying five aggregates (AG-1, AG-4, AG-8, AG-7 and AG-10) as innocuous, and the remaining eight aggregates as reactive. The proposed failure limits of 0.052% at 4 weeks, 0.10% at 8 weeks and 0.15% at 13 weeks proved to produce for more consistent results than those generated by the 4-week failure limit of 0.04% reported by Fournier, Bildeau, and Malhorta (1994) at the early immersion age of 4 weeks. The surface of prism specimens was evaluated for the ASR-induced cracks. Figures 6 and 7 illustrate the 13-week alkali-cured prisms prepared with innocuous and reactive aggregates as determined by the proposed 4-, 8-, and 13-week expansion limits. The specimens containing innocuous aggregate (AG-1) showed no visible cracks even at 13 weeks ( Figure 6 ), whereas reactive aggregates experienced severe cracks (map cracks) ( Figure  7 ). It was also observed that cracks were formed on the outer surface of the prisms and the reactive aggregates were forced to pop out due to the pressure exerted by ASR-induced expansion. 
ASR Kinetic Model for the Alkali-Cured Prisms
The expansion data of alkali-cured prisms over the test durations of 4, 8 and 13 weeks was fitted with Equation 2, and the values of Avrami exponent (M) and natural log of Avari rate constant (ln(k)) for each aggregate were determined. The statistical parameter and their significance for Equation 2 were examined. The coefficient of determination of the kinetic model for all aggregate groups (R 2 >95%) implied that more than 95% of the variability of dependent variable was explained by the equation. Additionally, R 2 adj values were shown to be very close to the R 2 values. Moreover, the p-value of the model for each aggregate group is shown to be very low, and Prob(F) of the suggested model for all trial aggregates were shown as low as 0.0000. The 4-, 8-, and 13-week expansions of alkali-cured prisms were correlated with ln(k) and M of the companion aggregate groups at the corresponding immersion ages, and no definite relationship was observed. However, the ratio of ln(k) and M [=ln(k)/M] was found to be strongly correlated with the expansions at 8, and 13 weeks. Since the expansion of alkali-cured prisms at early age of 4 weeks was progressive (i.e. not stable), the interaction between the ln(k)/M and the 4-week expansions did show a good association. were also determined. The absolute t-ratio and Prob(F) for all regression coefficients were much greater than 1.0 and in close proximity to 0.0000, respectively. The smaller the absolute value of p-value, the more significant the parameter and the less likely that the actual parameter value could be zero. Additionally, the coefficient of multiple determinations (R 2 ) was shown to be 86%, and the adjusted R 2 value was very close to R 2 . Using Equation 4 and the 13-week expansion limit of alkali-cured prisms (0.15%), the failure limit of ln(k)/M was determined to be -6.4. This value serves a threshold to classify aggregates into reactive and innocuous groups. That is to say that aggregates having less than the above-mentioned ln(k)/M value can be considered as innocuous, and those generating a higher value can be regarded as reactive.
In the case of 8-week test duration, the failure criterion of ln(k)/M was also determined using a similar approach to those used for the expansion of alkali-cured prisms at 13 weeks. Equation 5 represents best fit relationship between 8-week prism expansions and ln(k)/M. The statistical analysis showed that the model was valid since the residuals were nearly around zero line, and the model was accurate as it generated a R 2 value of 78%. When 8-week expansion limit of alkali-cured prisms of 0.10% was used in Equation 5, the 8-week failure criterion as defined by ln(k)/M remained similar to that found for alkali-cured expansion at 13 weeks (-6.4 ). This indicated that failure criteria obtained from ASR kinetic model was independent on immersion age. As such, the proposed failure limit of ln(k)/M offers a good prediction in classifying alkali-silica reactivity of trial aggregates even at the early age of 4 weeks.
Where: Exp is the alkali-cured expansions. Table 6 shows the ASR classifications of the investigated aggregate groups based on the aggregate type, expansion limits of mortar bars, proposed expansion limits of alkali-cured prisms, and failure criteria of ASR kinetic. As can be seen in Table 6 , the limit of ln(k)/M of -6.4 was very effective in separating the aggregate groups into reactive and innocuous at the ages of 4, 8, and 13 weeks. The proposed expansion limits of alkali-cured prisms were able to classify the trial aggregate groups consistently at all 3 immersion ages. Moreover, there were good agreements in the ASR classifications obtained from the failure limits mortar bars at the extended ages of 4 and 8 weeks, and alkali-cured prisms and ASR kinetic model were nearly in perfect agreement. 
ASR Classifications of Investigated Aggregates
Conclusions
The findings of this research study can be summarized below: a) Unlike the previously suggested 4-week failure criterion of 0.04%, the proposed expansion limits of alkali-cured prisms of 0.052% at 4 weeks, 0.10% at 8 weeks, and 0.15% at 13 weeks proved to be effective to produce consistent ASR classification of the investigated aggregates.
type, the previously suggested expansion limits of mortar bars at the extended ages (28 and 56 weeks), and the proposed failure criteria of alkali-cured prisms at 4-, 8-, and 13-week immersion ages.
c) Evaluations of alkali-silica reactivity of the investigated through aggregate type, extended failure limits of mortar bars, proposed expansion limits of alkali-cured prisms, and proposed failure criteria of ASR kinetic produced consistent results. Since alkali-silica reactivity depended on many factors, a combination of these methods can be viewed as a reliable indicator to predict aggregate potential for deleterious alkali-silica reactivity.
